Abstract. The SEIPS (Systems Engineering Initiative for Patient Safety) model of work system and patient safety is described and selected research and practical applications are presented.
Introduction
One of the first human factors and ergonomics (HFE) studies of patient safety was conducted by Chapanis and Safren [15, 30, 31] in 1960. Using the critical incident technique, the researchers examined medication errors and found a total of 178 medication errors that were categorized as (1) wrong patient, (2) wrong dose of medication, (3) extra unordered medication, (4) omitted medication administration, (5) wrong drug, (6) wrong timing of medication administration, and (7) incorrect route. These medication errors were caused by a range of work system factors such as failure to follow required checking procedures and verbal or written communication problems. Even though this study identified many medication errors and the work system factors that contributed to the errors, it was not until the publication of the IOM report on "To Err is Human: Building a Safer Health System" in 1999 [26] that patient safety (and human factors) received attention from healthcare organizations, policy makers, regulatory agencies and the research community.
Many healthcare professionals, experts and organizations have turned to the HFE discipline to learn HFE concepts, theories, models, tools and methods, to redesign healthcare systems and processes and to improve patient safety and quality of care [28] . Given the complexity of health care [2] , HFE interventions that do not consider organizational issues are unlikely to have significant, sustainable impact on patient safety and quality of care. For instance, improving the physical design of a medical device or the cognitive interface of health information technology is important; but without understanding the organizational context in which these technologies are used, workers may develop work-arounds and the tools may not be used safely. Therefore, macroergonomics should play a major role in health care and patient safety.
We have proposed a sociotechnical systems approach to address patient safety and other quality of care problems (see Figure 1 ). The SEIPS (Systems Engineering Initiative for Patient Safety) model of work system and patient safety [9] is based on the macroergonomic work system model developed by Smith and Carayon [1, 12, 36, 37] , and incorporates the Structure-Process-Outcome model of healthcare quality [18] . The Structure-Process-Outcome of Donabedian [18] is the most well-known model of health care quality. The integration of our macroergonomic work system model with this well-known model of healthcare quality increases the acceptability of the SEIPS model. We first describe the SEIPS model of work system and patient safety, and then its research and practical applications. 
SEIPS model of work system and patient safety
Key characteristics of the SEIPS model include: (1) description of the work system elements, (2) incorporation of the well-known quality of care model developed by Donabedian [18] , (3) care process as being influenced by the work system and contributing to outcomes, (4) integration of patient outcomes and organizational/employee outcomes, and (5) feedback loops between the process and outcomes, and the work system (see Figure 1 ).
The SEIPS model of work system and patient safety represents a major tool to introduce and promote HFE in health care; it has been used by numerous healthcare researchers, professionals and educators. Because the SEIPS model integrates the macroergonomic work system model, it allows the various domains of HFE (cognitive, physical and organizational ergonomics) to be integrated and combined. This systems approach is necessary to understand the complex patient safety issues.
The SEIPS model is the conceptual framework for a range of HFE tools and methods used to evaluate healthcare work systems and processes and their impact on healthcare quality and patient safety, such as questionnaire survey [4, 23, 24] , observation methodology [13, 14] , interviews [3, 20] , and proactive risk assessment of healthcare processes [8, 38, 40] .
Research applications of the SEIPS model of work system and patient safety
The SEIPS model has been used by numerous healthcare researchers, professionals and educators. Researchers have used the SEIPS model to study timeliness of follow-up of abnormal test results in outpatient settings [34] , to examine the safety of EHR technology [35] , to evaluate ways of improving electronic communication and alerts [25] , and to assess work system barriers and facilitators to the provision of outpatient pharmacy services [17] . The SEIPS model has been adopted by patient safety leaders, such as Peter Pronovost from Johns Hopkins University [29] .
We have used the SEIPS model in our own research to examine patient safety in multiple care settings (e.g., ICU, pediatrics, primary care, outpatient surgery, cardiac surgery, transitions of care) and to study the implementation of various forms of health information technology (e.g., EHR, CPOE, bar coding medication administration, smart infusion pump, tele-ICU).
Work system performance obstacles and facilitators
We have used the SEIPS model to identify work system performance obstacles and facilitators of ICU nurses [20] [21] [22] . This research uses mixed research methods, including interviews of 15 ICU nurses [20] and a survey of 272 nurses in 17 ICUs [21, 22] . Our results show that performance obstacles can be associated with all five elements of the work system model [22] . The survey data analysis shows that obstacles related to the physical environment, familyrelated issues, supply chain management (e.g., access to supplies, stock in patient rooms, access to patient chart, delay in getting medications), and equipmentrelated issues affect ICU nurses' perception of quality and safety of care either directly or indirectly via their influence on workload [21] . These results are important as they provide information about the ICU nurses' work system factors that need to be addressed in order to improve their quality of working life as well as the quality and safety of care they provide to patients.
In a recent study, we examined performance obstacles and facilitators experienced by care managers who coordinate care for patients with chronic diseases and post-surgical patients during transitions from the hospital [5] . This study focused on care coordinators' use of multiple health IT applications, and identified performance obstacles in all of the work system elements.
Work system impact on care processes
A key element of the SEIPS model is the focus on care processes that may be affected by the work system. The literature on healthcare quality focuses on care processes and patient outcomes, and has not paid sufficient attention to the structural factors (work system) that can influence care processes and patient outcomes. Therefore, our research can provide useful information on how to redesign work systems in order to improve care processes and patient outcomes. Our research has examined the following care processes: outpatient surgery information management [3, 11, 33] , ICU nursing medication management [19] , and the bedside rounds process in a pediatric hospital [7] .
Impact of health IT on work system and patient safety
In many countries, health information technology (IT) is seen as a major solution to improve healthcare quality and patient safety. However, the evidence for the quality and safety benefits of health IT is limited [16] . A reason for the limited success of health IT, the failures to implement and sustain health IT, and safety problems linked to health IT is the lack of attention to HFE in the design, implementation and use of health IT. Our research has examined the impact of health IT on work system and patient safety in a variety of domains: bar coding medication administration technology in hospital settings [14, 27] , smart infusion pump technology in a hospital [10, 32, 39] , and CPOE/EHR in ICUs [6, 23, 24, 41] .
Practical applications of the SEIPS model of work system and patient safety
The SEIPS model can be used by healthcare organizations (1) to analyze patient safety events (e.g., root cause analysis), (2) to analyze high-risk care processes, and (3) to anticipate the potential safety consequences of sociotechnical changes such as the introduction of a new medical device or EHR technology.
Root cause analyses (RCA) are conducted to investigate sentinel events. The RCA team can use the work system model in order to systematically consider all possible work system factors that could have contributed to the sentinel event. The five elements of the work system model can be a guide when asking questions about the event: who was involved [Person] ; what were they doing [Tasks] ; what tools/technologies were they using [Tools/technologies]; where did the event take place [Environment] ; what organizational conditions contributed to the event [Organization] . Once all of the system factors that contributed to the event have been identified, the sequence of events can be mapped in the form of a process that highlights the various system factors. We have conducted this type of analysis for a fictitious case of wrong site surgery [11] .
A particular care process (or other process) may be identified as a high-risk process that probably needs redesign. The SEIPS model can be used to conduct a risk analysis to ensure that all factors contributing to the vulnerabilities or failures in the process are systematically assessed. We have conducted various types of proactive risk assessment of IV medication administration [40] , ICU nursing medication management [19] and patient transfer from surgery to the ICU [8] . Proactive risk assessment methods can be used to evaluate risks in current processes as well as to evaluate risks that (could) occur with modifications in care processes associated with sociotechnical changes.
Conclusion
The SEIPS model has become a significant "tool" for introducing and promoting HFE to healthcare researchers, professionals and educators. Knowledge of specific HFE issues (e.g., teamwork, usability, coordination, physical stressors, resilience) is necessary to study specific healthcare quality and patient safety issues. We advocate that the specialized HFE knowledge can have significant impact if it takes into account the sociotechnical system under consideration. By not understanding the broad work system, this specialized HFE knowledge is at risk of either examining the wrong problem or using the wrong approach to solve the problem. We encourage HFE researchers and practitioners to embrace the proposed sociotechnical systems approach to increase the relevance and significance of their effort targeted at improving healthcare quality and patient safety.
